A 2D cellular automaton model developed for the simulation of grain growth in hexagonal metals is presented here. It allows the direct use of experimental measurement as input data. Texture evolution of a titanium alloy and a zirconium alloy are simulated on the basis of simple hypothesis and compared with experimental evolution as well as the results from a 3D Monte Carlo model. Results from both models are discussed with regards to their characteristics.
Introduction
Zirconium and Titanium alloys are suitable for creating advanced materials used in critical applications such as aerospace or nuclear industries. In order to optimize their anisotropic physical and mechanical properties, it is crucial to study and understand the metallurgical changes that take place during the annealing, as this is usually the final step of the production process. Many aspects of the mechanisms involved during recrystallization and grain growth of such alloys are nowadays understood on the basis of careful experimental studies [1, 2] . It is now well established that texture evolves significantly only during the grain growth stage (the main peak in ODF moves from {φ 1 =0°, Φ=30°-40°, φ 2 =0°} to {φ 1 =0°, Φ=30°, φ 2 =30°}). By examining partial textures just after the primary recrystallization (textures of the smallest and largest grains), it was recognized that the largest grains impose progressively their texture which becomes the one obtained at the end of grain growth which is an important result about the mechanisms operating during grain growth. Also the analysis of the evolution of the misorientation angle distribution indicates a relatively isotropic mobility of the grain boundaries without any special grain boundaries playing a decisive role during grain growth [2, 3] . Modeling annealing behavior becomes therefore a way to deepen this understanding by investigating the influence of grain neighborhood, dependence of energy and mobility on misorientation. If successful it would also provide a tool for optimizing the microstructure and the resulting mechanical properties with special attention to their anisotropy. To simulate the microstructure and texture evolution during grain growth, a 2D cellular automaton has been developed. It allows a direct use of the experimental orientation maps as simulation input. Advantage of this approach is that, by describing only local dependencies, one can perform and observe the evolution of the whole microstructure. Also, an important feature of this approach is the short computational time required. The main parameters in this model are the boundary energy and mobility variations versus misorientation.
The results of such simulations are analyzed and compared with experimental data obtained after static annealing of low alloyed titanium (T40) and zirconium (Zr701). Texture evolution of T40 is also compared with the results from a more typical Monte-Carlo simulation.
Presentation of CA and implementation of the model
Cellular automaton (CA) is a system in which microstructure is discretized on a set of cells which have a specified neighborhood. Each cell is characterized by a state which may evolve at each time step. Evolution is governed by a rule, function of the states of both the considered cell and its neighbors.
To model the grain growth (GG) phenomenon in a CA model, the microstructural data obtained from EBSD measurements were used as direct input for the simulation. The EBSD map is a set of points with given coordinates and orientation. It is worth noting that such a domain is not periodic.
The state of each cell (pixel) is defined by the orientation of the pixel, the misorientation with the neighboring cells and the size of the grain to which it belongs. Grains were recognized from EBSD map by a flood fill algorithm using a critical angle (5° was chosen in this work). The time evolution of the cell's state is based on the probability for its orientation to change, and this probability depends on the misorientation between the cell and its neighbors, and the size of the grain. GB movement is then achieved by changing the orientation of cells next to the boundary, introducing a grain growth kinetics described by equation [4, 5] :
where D is the mean diameter of the grains, t is time and 1/n is the grain growth exponent. It is also common knowledge that, in the models, n varies with the definition of the cell neighborhood [6] . In the present study, the introduction of the grain size influence on the probability of reorientation also permits adjustment of the value of n. During the evolution, the global tendency is that the big grains are privileged to grow, but because this is a thermodynamical process it is possible that a local event occurs in the opposite way. This is taken into account in the rule, by introducing a control parameter p s which sets the probability that a small grain will grow at the expense of a bigger neighbor.
According to the previous statements, the procedure can be described as follows: 1. For each point of the microstructure, check if there are any points in the considered neighborhood belonging to another grain, 2. If one or several pixels from the neighborhood belong to another grain, the size of the grains to which they belong is checked, 3. If the neighboring grain is smaller, a random number r s is generated; if r s > p s no state change is made 4. If the neighboring grain is bigger or if r s satisfies the condition r s <p s , the misorientation ∆g between the two pixels is calculated, 5. The grain boundary energy E(∆g) and mobility m(∆g) corresponding to the misorientation are determined and the probability of the orientation change p~m(∆g)*E(∆g) is calculated. Note that "p" here is a variable probability, dependant on local boundary properties, in contrast to the parameter p s . 6. Then a random number r is generated. If r<p, the orientation is changed and the state of the cell is recalculated.
After processing all pixels of the EBSD map, one step of simulation is finished. In the present work, both forms of Energy functions defined in figure1 were used, and the value of mobility was always equal to 1.
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CA was used for modeling the grain growth in a low alloyed Zr sample (Zr701). A 1400x1000 pixels map from EBSD was used as input data. This map contains about 11000 grains having an average diameter of about 6.7µm and was measured with a 0.5µm step size in order to provide a good spatial resolution of boundaries. Energy of the boundaries for this simulation is following the Heaviside function, fig. 1a , with H=10° cut-off in misorientation angle.
Normal evolution of this material during grain growth results in a strengthening of the texture assumed to be driven by the size/orientation correlation [2] , and it was used as a test case to determine the settings of the CA model. As no change in the major components of the texture is expected, the texture index [7] was used as a parameter to describe the kinetics of this evolution.
It has been shown [5] that if the migration of the GBs is controlled only by their curvature, the mean grain area evolves linearly with time, i.e. n=2. Examination of the texture index evolution suggests that this value is higher (Fig. 2) , since the simulated evolution is closer to the experimental one with an exponent 1/n=0.25 than with the theoretical 1/n=0.5. Clearly the conditions H=10° and n=4 produce the best agreement with experimental data. Influence of the grain size/orientation correlation was also checked by modeling the grain growth from an artificial microstructure in which the size and orientation were not correlated. This microstructure was created from the original one by assigning new orientations to the grains, these new orientations being taken randomly from the initial texture. The ODF of this artificial polycrystal was very similar to the original one. With such initial conditions, the evolution during grain growth was very different from the real case (case H=10°, n=4 artificial in Fig.2) .
Simulation of texture evolution in T40
Experimental background: Texture evolution during grain growth of T40 is also supposed to be governed by the size/orientation correlation [8] . The first obvious change occurring during the GG is the vanishing of the component {φ 1 =0°, Φ=90°, φ 2 =0°} which corresponds to the smallest grains of the microstructure. The second feature of the reorientation is the slow shift of the texture maximum from {φ 1 =0°, Φ=30°, φ 2 =0°} to {φ 1 =0°, Φ=30°, φ 2 =30°}, which is accomplished after the mean grain diameter has been increased by a factor 10 (see Fig. 3) .
CA: As an input data an EBSD map was used corresponding to a population of 9200 grains, having a 3µm average size. The step size was 0.3µm.
The simulation was carried out with 3000 steps. As texture change is expected, and since it may be connected to the anisotropy of GB properties, a linear dependence of energy versus misorientation angle was introduced (Fig. 1b) . Several values of the limit angle for HAGB were investigated. None of them reproduced the correct ODF evolution. The closest case is obtained for L=30° and n=4 (Fig. 3) .
The simulated texture evolution shows a similar tendency to the experimental one. Orientations corresponding to the smallest grains of the microstructure, in particular {φ 1 =0°, Φ=90°, φ 2 =0°}, disappear, and a small displacement of the maximum in the φ 1 =0° cut of the ODF can be observed. Nevertheless the evolution is slower than expected, and the number of grains remaining in the microstructure soon becomes insufficient for a statistically valid determination of quantitative texture. Moreover, these statistics problems are strengthened by the edge effect, since the grains are getting 10 times bigger during the simulation and the limited area of the map can perturb the single grain expanding. MC3D: Simulation of the grain growth phenomenon was also attempted using a Monte Carlo method (MC), with a model based on the evolution of a 3D artificial microstructure, with periodic boundary conditions. This microstructure contains 4000 equiaxed grains. Orientations from a list of EBSD measured grains are assigned to the grains of the microstructure.
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The driving force for the migration of grain boundaries in this model is based on the reduction of their energy [9, 10] . Energy and mobility dependence on the boundary misorientation angle follows a linear evolution up to 15°.
For avoiding the problem of statistics associated with the decrease in grain number, sequential modeling was used to enable longer simulation times to be achieved in the grain growth evolution. The microstructure was therefore rescaled after each run, and the output texture was re-injected in the microstructure. As the starting microstructure is the same for each simulation, the main assumption is that the grain size distribution remains similar during grain growth. Two different results are presented here. In figure 4a ) the texture evolution corresponds to an initial microstructure in which the orientations from the experimental grain list were superimposed in a way that only the average texture was reproduced (no size/orientation correlation). In this case the texture evolution does not agree with the experimental trajectory. Figure 4b) shows the texture evolution in the case where the correlation between grain size and orientation was included in the orientation assignement. For this purpose, orientations from the measured big grains were assigned to the big grains of the artificial microstructure. As the texture evolves in a correct way it can be deduced that the influence of this correlation is of utmost importance. 
Discussion
Texture evolution in T40 during GG were simulated here with a 2D-CA model based on direct experimental data, and with a 3D-MC model based on artificially built microstructure. Both models involve the movement of GBs, and this leads to the minimization of the system energy. In MC, the energy minimization is the criterion for the decision of the GB movement, in CA it is the consequence of the microstructure evolution. Note that the re-orientation rule for the MC model is based solely on the local environment of each point whereas the re-orientation rule for the CA relies on an analysis of the neighboring grain sizes.
The main difference which will have the effect on grain growth behavior lies in the form of the input data. For the MC model, the use of an artificial microstructure has several advantages: − − − − the input microstructure can be rescaled as many times as it is needed, preventing any problems due to the decrease in the grain population, − − − − in addition, using a periodic microstructure avoids the problems due to the grains located on the edge of the map. These edge effects are avoided throughout the grain growth process. Nevertheless, the texture evolution in MC occurred faster than it does in reality (compare Fig. 3b  & Fig. 4b) , and this was probably because the microstructure -due to its artificial character -does not depict the real misorientation distribution function and the real grain size distribution.
The main advantage of the CA model lies in the possibility to start from experimental data, and to naturally reproduce all the features from the real microstructure, but this constitutes also its limitation. Since it aims at reproducing the grain growth from a real microstructure, it is strongly dependant on the availability of suitable experimental data, especially with regards to statistical quality of the grain population. Working with 2D data may also be a barrier to the modeling of real behavior in the volume of material: − − − − the real 3D size of the grains might only be taken into consideration through the use of probabilities, which adds uncertainty on their determination, − − − − evolution of the grain size distribution is biased due to its evolution from an original 2D cut, and therefore stereological corrections are required to compare simulations results with experiments. For T40, although the GG simulation using CA showed the correct tendency in terms of texture evolution, the complete behavior of the ODF could not be reproduced and this may have two main reasons. First, even if the number of grains is statistically sufficient with regards to the initial texture determination, it may be not sufficient to take into account subpopulation effects and also decrease rapidly during the simulation. Owing to the fact that only a small part of the grain population drives the texture evolution, and since the final stage of this evolution is reached only after the mean grain size has increased by a factor of ten, the population of grains remaining at this stage of the simulation is no longer statistically representative of the original population.
On the other hand it is highly probable that the dependencies of grain boundary mobility and energy on misorientation are more complicated than those tested in the model, which also may influence the ODF behavior and will require further investigation.
Nevertheless, results from the Cellular Automaton are promising since it simulates correctly the behavior of the ODF for Zr701, even though the simulation was conducted on the basis of simple hypotheses. Also, the comparison of texture evolution for microstructure with and without size/orientation correlation allowed us to verify the hypothesis that in Zr701 the ODF evolution is caused by this correlation.
The efforts of the future work will be focused on using the microstructural data as effectively as possible, and then studying the complex dependency on mobility and energy with respect to grain boundary character and its possible consequence for texture evolution during grain growth.
